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ABSTRACT We have developed a specific and sensitive 
nucleic acid amplification assay that is suitable for routine 
gene detection. The assay is based on a novel molecular genetic 
strategy in which two different RNA probes are hybridized to 
adjacent positions on a target nucleic acid and then Iigated to 
form an amplifiable reporter RNA. The reporter RNA is then 
replicated up to a hundred billion-fold in a 30-min isothermal 
reaction that signals the presence of the target. The assay can 
detect fewer than 100 nucleic acid molecules; it provides 
quantitative results over a wide range of target concentrations 
Q*nd it employs a universal format that can detect any infec- 
tious agent. 



^Extremely specific and sensitive assays are needed for the 
UJoutine detection of rare pathogenic agents in clinical samples, 
y The most specific assays employ single-stranded oligonucleo- 
tide probes to seek out and bind to unique regions of a 
"ffjathogen's nucleic acid. The resulting probe-target hybrids are 
One most specific and stable intermolecular complexes known. 
|jWhen a high concentration of probes is incubated with a 
W sample, virtually every target molecule forms a hybrid, One 
* need only remove the probes that are not hybridized and then 
Clount the remaining hybridized probes to determine the 
[ejjegree of infection. However, the number of target molecules 
j2(n a sample is often so low that classical detection schemes, 
7[such as labeling the probes with radioactive atoms or f luores- 
|l|ent moieties, are not sufficiently sensitive. Thus it is necessary 
f ~p design assays in which a large number of reporter molecules 
•^are generated for every target that is present. 

Although a very large number of copies are synthesized in 
target-sequence amplification assays (1-5), such as those that 
use the polymerase chain reaction, their design creates prac- 
tical problems that restrict their use to specialized laboratories. 
These assays are usually carried out in crude cellular extracts, 
where they can be inhibited by cellular components and where 
the presence of unrelated nucleic acids can lead to false- 
positive signals; different, sample preparation protocols are 
needed for different tissues and for different infectious agents; 
relatively expensive equipment is often required to alternately 
raise and lower the temperature; and additional steps are 
needed to detect the amplified nucleic acid, increasing the risk 
of contaminating other samples. Although there are a variety 
of solutions for each of these problems, the resulting assays are 
complex and difficult to quantitate. 

We have been working on an alternative amplification 
scheme that avoids these problems. In our approach, the 
probes, rather than the targets, are amplified exponentially 
(6-8). Unlike target amplification schemes, where repeated 
cycles of hybridization and polymerization are carried out in 
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the same solution, our assays employ a single hybridization step 
that is carried out under universal and highly stringent con- 
ditions. The probe-target hybrids are then isolated and the 
bound probes are amplified exponentially in a brief isothermal 
reaction. Our probes are recombinant RNAs (9), in which a 
probe sequence is embedded at an appropriate site within the 
sequence of MDV-1 RNA (10, 11), which is a naturally 
occurring template for the RNA replicase of bacteriophage 
Qj3. These recombinant RNAs hybridize to their targets as do 
ordinary probes, but unlike ordinary probes, more than a 
billion copies of each probe can be synthesized in a 30-min 
incubation with Q/3 replicase (12). This amplification does not 
require primers, and strand separation occurs naturally at 37°C 
(13, 14). The large number of RNA molecules that are 
synthesized signals the presence of the target nucleic acid. 
Because a single probe molecule can initiate exponential 
amplification (15), these assays can be extremely sensitive. In 
practice, however, their sensitivity has been limited by how well 
the probe-target hybrids can be separated from the large 
number of nonhybridized probes that are present to ensure 

< that hybridization occurs rapidly. Despite the use of reversible 
target capture (16), which is an extremely efficient hybrid 
isolation procedure, we found that 10,000 nonhybridized 
probes could not be removed, generating a background signal 
that obscured the presence of rare targets (8). 

In this report, we describe a new strategy that solves the 
problem posed by the persistence of nonhybridized amplifiable 
probes. The probe molecules were redesigned so that they 
cannot be amplified unless they hybridize to their target. We 
divided the recombinant- RNA probes into two separate mol- 
ecules, neither of which can be amplified by itself, because 
neither contains all the elements of sequence and structure 
that are required for replication. The division site is located in 
the middle of the embedded probe sequence. When these 

' "binary probes" are hybridized to adjacent positions on their 
target, they can be joined to each other by incubation with an 
appropriate ligase, generating an amplifiable reporter RNA. 
Nonhybridized probes, on the other hand, because they are not 
aligned on a target, have a very low probability of being Iigated. 
By combining this target-dependent ligation step with a new 
and simpler hybrid-isolation step, signal generation is strictly 
dependent on the presence of target molecules, no background 
signals are generated, and the resulting assays are extraordi- 
narily sensitive. 

MATERIALS AND METHODS 

Synthetic Target Molecules. A cDNA encoding a portion of 
the polymerase gene of human immunodeficiency virus type 1 
(HI V-l) strain NL4-3 (17) was subcloned between the Hindlll 
and Xmal restriction sites in the polylinker of plasmid 
pGEM-4Z (Promega). The resulting plasmid was linearized by 
digestion with endonuclease Smal and transcribed by incuba- 
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tion with bacteriophage T7 RNA polymerase. The 875-nt tran- 
scripts contained nucleotides 4229-5091 of the HIV-1 (NL4-3) 
genome (listed in the GenBank data base as FHVNL43). 

Binary Probes. Both the left and the right probe were 
prepared by transcription from DNA templates. The first 63 nt 
at the 5' end of the left probe (shown in Fig. 1) were identical 
to the 5 '-terminal sequence of MDV-1 (+) RNA; the next 6 nt 
served as a spacer (which, is not essential); and the last 23 nt 
were complementary to nucleotides 4596-4618 of HIV-1 
(NL4-3) RNA. The 3' ends of the left probe transcripts 
naturally terminate in the hydroxyl group required for ligation. 
The first 19 nt at the 5' end of the right probe (also shown in 
Fig. 1) were complementary to nucleotides 4577-4595 of 
HIV-1 (NL4-3) RNA; the next 10 nt served as a spacer (also 
nonessential); and the last 156 nt were identical to the 3'- 
terminal sequence of MDV-1 (+) RNA. Normally, the 5' ends 
of the right probe transcripts would have contained a triphos- 
phate group, which cannot participate in ligation; however, in 
addition to providing guanosine triphosphate as a precursor 
for transcription, we also provided a 20-fold excess of 
guanosine monophosphate, which is incorporated into the 
5 '-terminal position, assuring that almost all of the right probe 
transcripts contained the monophosphate group required for 
ligation. Many of the left probe transcripts possessed addi- 
tional (nontemplated) nucleotides at their 3' end. Electro- 
^phoretic isolation of correct-length left probe transcripts, 
Cihough not done for the experiments reported here, improves 
^ligation efficiency from 8% to 40%. 

ffl The DNAs used as templates for the synthesis of these 
r f probes were prepared in polymerase chain reactions initiated 
^with plasmid, pT7MDV (18), which contains a cDNA copy of 
|lihe MDV-1 sequence. The primers used in these reactions 
.^possessed sequences at their 5' ends that added a T7 RNA 
^polymerase promoter and a probe sequence to the amplified 
WONA. The first primer for the left probe template contained 
pine promoter sequence and the other primer contained a 
portion of the target sequence, while the first primer for the 
^ight probe template contained the promoter sequence di- 
rected toward the complement of the remainder of the target 
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sequence and the other primer was complementary to the 3' 
end of the MDV-1 (+) sequence. 

Capture Probes. These single-stranded oligodeoxynucleoti- 
des are complementary to the target (19) and possess a biotin 
moiety at their 5' end that enables them to bind strongly to 
streptavidin (20), which is covalently linked to the surface of 
paramagnetic particles (21). The use of two different capture 
probes improves the efficiency of target capture by 60%. These 
oligonucleotides were prepared commercially (Operon Tech- 
nologies, Alameda, CA) by chemical synthesis and contained 
4 nt at their 5' end that served as a spacer between the probe 
sequence and the 5 '-terminal biotin moiety. The sequence of 
one capture probe was 5'-biotin-TACGATGTCTGTTGC- 
TATTATGTCTACTATTCTTTCCCCTGCACTGTAC-3 ' , 
which is complementary to nucleotides 4808-4852 of HIV-1 
(NL4-3) RNA; and the sequence of the other capture probe 
was 5'-biotin-TACGACTGCTACCAAGATAACTTTTC- 
CTTCTA A ATGTGTACA ATCTAGC-3 ' , which is comple- 
mentary to nucleotides 4415-4459 of HIV-1 (NL4-3) RNA. 

HIV-1 Infected Lymphocytes. A suspension of H9 cells (22) 
was infected with HIV-1 isolate HTLV-III M n (23). Histolog- 
ical staining with serum from an HIV-positive individual, 24 hr 
after infection, indicated that more than 99% of the cells were 
infected. Stock samples were prepared by serially diluting the 
HIV-1 -infected H9 cells with uninfected H9 cells. Each stock 
sample contained 600,000 cells. The cells were then washed 
and concentrated by centrifugation, dissolved in 240 /il of 5 M 
guanidine thiocyanate, and incubated at 37°C for 60 min. 
Concentrated solutions of this chaotropic salt lyse cells, inac- 
tivate enzymes, liberate nucleic acids from cellular matrices, 
unwind DNA molecules, and relax RNA secondary structures 
(24). Each lysate was mixed thoroughly and one sixth of its 
volume was assayed. 

Assay Protocol. Some 10 10 molecules of each binary probe 
and 10 11 molecules of each capture probe were added to each 
sample. Hybrids were formed by incubation at 37°C for 60 min 
in 100 ftl of buffer A [2 M guanidine thiocyanate (Fluka)/400 
mM Tris-HCl, pH 7.5/5 mg of sodium N-lauroylsarcosine per 
ml/5 mg of bovine serum albumin fraction V per ml (Boehr- 
inger Mannheim)/and 80 mM EDTA] in polypropylene titer- 
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Fig. I. Binary probes bound to a complementary HIV-l target molecule. Neither the left probe nor the right probe can be amplified by 
incubation with Q0 replicase. However, if the binary probes are hybridized to adjacent positions on a target RNA (as shown), they can be ligated 
to each other to form a reporter RNA that can be amplified exponentially by Q£J replicase. The magnified view shows the phosphodiester bonds 
(short lines). An arrow points to the location where a phosphodiester bond will be formed when the hybrid is incubated with T4 DNA ligase. Ligated 
probes form a naturally occurring Qj3 replicase template, MDV-l RNA, containing an embedded HIV-l probe sequence. 
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tubes (Bio-Rad). The presence of 2 M guanidine thiocyanate 
in the hybridization mixture promotes the formation of hybrids 
without interference from denatured cellular debris (25). The 
hybrids were then captured by adding 20 /il of a suspension of 
streptavidin-coated paramagnetic particles, as supplied by the 
manufacturer (Promega), and incubating at 37°C for 10 min. 
We discovered that the presence of 2 M guanidine thiocyanate 
does not prevent the biotinylated capture probes from binding 
to streptavidin. The particles were then washed four times with 
200 /jlI of buffer A at 37°C to remove excess probes and cellular 
material, and washed an additional four times at 37°C with 200 
fi\ of buffer B [5 mM MgCl 2 /66 mM Tris-HCl, pH 7.5/1 mM 
ATP/0.5 mg of Nonidet P-40 per ml (Sigma)/1 mM dithio- 
threitol] to remove the guanidine thiocyanate. During each 
wash cycle, the suspended particles were agitated vigorously on 
a multitube vortex-type mixer (American Hospital Supply, 
McGaw Park, IL); they were then drawn to the walls of the 
titertube with the aid of a magnetic separation device (Vysis, 
Downers Grove, IL); and the wash solution was withdrawn by 
aspiration and replaced with a new solution. After the last 
wash, the particles were suspended in 50 ^1 of buffer B 
containing 1 unit of Escherichia coli ribonuclease H (Pharma- 
cia) and incubated at 37°C for 10 min to release the hybrids. 
The particles were then magnetically drawn to the sides of the 
titertube and the supernatant containing the hybrids (^45 jlcI) 
was transferred to a new titertube. Ligation was carried out by 
—adding 5 jllI of buffer B containing 25 units of bacteriophage 
'"~!T4 DNA ligase (Boehringer Mannheim) and incubating at 
C&7°C for 60 min. The resulting reporter RNAs were exponen- - 
\ f^ially amplified by adding 100 jxl of buffer C (15 mM MgCl 2 /45 
T mM Tris-HCl, pH 8/100 jutM ATP/600 fiM [a- 32 P]CTP/600 
J'-jxM GTP/and 600 fiM UTP) containing 6 pig of Q/3 replicase 
UU(Vysis) and incubating at 37°C for 31 min. Samples (5 /il) of 
yrbach amplification reaction were withdrawn every minute 
^{beginning at 8 min) and were added to 100 jliI of a stop 
^solution containing 20 mM EDTA (pH 8) and 120 mM NaCl. 
UThe RNA in each sample was precipitated by adding 400 jxl of 
ss a solution containing 360 mM phosphoric acid, 20 mM sodium 
^pyrophosphate, and 2 mM EDTA. The precipitated RNA was 
Mbound to a Zeta-Probe nylon membrane (Bio-Rad) on a 
yiiot-blot vacuum filtration manifold (Bio-Rad). The mem- 
brane was then washed with 500 ml of the precipitation 
Solution to remove unincorporated [ 32 P]CTP. Finally, the 
^membrane was air-dried and the [ 32 P]RNA present in each 
trample was visualized by autoradiography. 

RESULTS 

Design of the Assay. Our previous probe-amplification 
assays used recombinant RNAs that consisted of a probe 
sequence embedded within a template ifor Q/3 replicase (8). To 
obtain hybridization probes that cannot be exponentially am- 
plified, we divided the recombinant RNA probes into two 
separate molecules. The division site was located approxi- 
mately in the middle of the embedded probe sequence (Fig. 1). 
To be replicated exponentially, an RNA must possess an 
internal replicase binding site (26), a particular 3 '-terminal 
sequence for the initiation of replication (27), and a particular 
5 '-terminal sequence that encodes the 3 ; -terminal initiation 
sequence needed for the replication of the complementary 
strand (28). Neither fragment of the recombinant RNA probe 
possessed all of these sequences, and preliminary experiments 
confirmed that neither fragment could be replicated exponen- 
tially. However, each fragment retained the ability to hybridize 
to the target. When these binary probes are hybridized to a 
target strand, the partial probe sequence at the 3' end of one 
molecule is brought immediately adjacent to the partial probe 
sequence at the 5' end of the other molecule. Incubation of the 
hybrid with a target-dependent ligase covalently links the two 
probes, generating an amplifiable reporter RNA. Although 



other researchers obtained contrary results (29-31), we found 
that RNA fragments hybridized to an RNA target can be 
ligated efficiently by incubation with T4 DNA ligase. Conse- 
quently, we were able to design an assay in which nonampli- 
fiable RNA fragments are used as probes and the generation 
of exponentially amplifiable reporter RNAs is strictly depen- 
dent on the presence of target strands. 

The assay is shown schematically in Fig. 2. The sample is first 
dissolved in a guanidine thiocyanate solution. Binary probes 
and biotinylated DNA capture probes are added, and the 
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Fig. 2. Schematic representation of the key physical and enzymatic 
steps used in the assay. Both the target and the binary probes are RNA 
molecules. The capture probes are DNA molecules. Two different 
capture probes are used to increase the efficiency of capture. They 
hybridize to the target RNA on opposite sides of the sequence to which 
the binary probes are bound. Incubation with ribonuclease H digests 
the target RNA where it is bound to each capture probe, selectively 
releasing the binary probe-target hybrid from the surface of the 
paramagnetic particle. After removal of the particle with a magnet, the 
isolated hybrid is incubated with T4 DNA ligase (which serves here as 
an RNA-dependent RNA ligase), resulting in the formation of a 
reporter RNA that is then amplified exponentially by incubation with 
Qj3 replicase. 
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mixture is incubated to form hybrids, which are then collected 
on the surface of streptavidin-coated paramagnetic particles. 
The particles are washed to remove excess probes and cellular 
material. Despite vigorous washing, some probes remain 
bound in a nonspecific manner to the walls of the assay tube, 
to the surface of the particles, and to the capture probes (32). 
Since nonhybridized binary probes can be ligated through 
chance alignment, it is necessary to further reduce their 
concentration. Therefore, the hybrids are separated from the 
nonspecifically bound probes by incubating the particles with 
ribonuclease H, which cleaves the target RNA where it is 
bound to the DNA capture probes, selectively releasing the 
probe-target hybrids into solution. The particles are then 
magnetically drawn aside and the supernatant containing the 
hybrids is transferred to a new tube. The isolated hybrids are 
then incubated with T4 DNA ligase to covalently link the 
binary probes, forming amplifiable reporter RNAs, When Q)3 
replicase is added, the only RNA that is synthesized is derived 
from binary probes that were hybridized to target strands. 

In this assay format, hybridization precedes amplification. 
This is fundamentally different from the format used in 
target-sequence amplification assays, where repeated cycles of 
hybridization and amplification are carried out in the same 
solution. Because the nonenzymatic steps in our assay (sample 
preparation, hybridization, capture, and washing) are carried 
out in the presence of guanidine thiocyanate, which is an 
^extremely effective denaturant, the same protocol can be used 
T|or all samples, irrespective of the type of tissue being tested 
^Mpr the nature of the suspected infectious agent. Furthermore, 
[fine enzymatic steps (hybrid release, ligation, and amplifica- 
s' js tion) are deferred until the hybrids have been isolated and 
T; placed in a defined environment; thus they cannot be inhibited 
y~by cellular components, and false-positive signals cannot arise 
=Jjrom the presence of irrelevant nucleic acids. 
fH Assay with Simulated fflV-1 mRNA Targets. To determine 
^he sensitivity of the assay, eight samples were prepared, each 
^containing a different number of transcripts of the HIV-1 
si integrase gene. We used binary probes (shown in Fig. 1) that 
f^were complementary to a conserved sequence within the 
^Integrase gene and capture probes that were complementary 
^Jlo sequences on either side of the target sequence. Probe- 
tJarget hybrids were formed, bound to the surface of paramag- 
netic particles, washed vigorously, and released into solution 
Sby digestion with ribonuclease H. The isolated hybrids were 
Uncubated with T4 DNA ligase and then incubated with 
Qadio active nucleotides and Q/3 replicase. Aliquots of each 
"amplification reaction were taken at 1-min intervals, and the 
RNA in each aliquot was bound to a nylon membrane and 
visualized by autoradiography. The results are shown in Fig. 3. 
Reporter RNA was synthesized in the amplification reactions 
from samples that contained 10 7 , 10 6 , 10 5 , 10 4 , 10 3 , and 10 2 
HIV-1 target molecules. ■ However, no reporter RNA was 



synthesized in the amplification reaction from the sample that 
contained 10 target molecules, nor was any RNA synthesized 
in the amplification reaction from the sample that contained 
no target molecules, even after 31 min of incubation. These 
results demonstrate that the sensitivity of the assay lies be- 
tween 10 and 100 target molecules. 

Because there is no background reaction, the sensitivity of 
the assay is not limited by the occurrence of obscuring signals. 
Instead, it is determined by the efficiency of the individual 
steps required to generate a reporter RNA. In experiments 
that followed the fate of labeled target strands and labeled 
probes through the various steps of the assay, we measured the 
number of hybrids that survived each step and found the 
following efficiencies: hybridization and capture, 95%; wash- 
ing, 56%; hybrid release, 60%; and ligation, 8%— resulting in 
an overall efficiency of 2.6%. Thus, for every 100 target 
molecules in a sample, two or three reporter RNAs were 
formed, and they were exponentially amplified by Q)3 replicase 
to generate a detectable signal. Samples containing less than 
40 target molecules were unlikely to generate even a single 
molecule of amplifiable RNA. 

Assay with HIV-1 Infected Human Lymphocytes. To dem- 
onstrate the specificity of the assay and to confirm that the 
presence of cellular material in the sample does not compro- 
mise, sensitivity, seven samples were prepared by mixing HIV- 
1-infected lymphocytes with uninfected lymphocytes. Al- 
though each sample contained a different number of infected 
cells, the total number of cells in each was 100,000. A mock 
sample was also prepared by adding 10 6 HIV-1 transcripts to 
a lysate from 100,000 uninfected cells. The same protocol and 
probes were used as in the assays with HIV-1 transcripts. The 
results are shown in Fig. 4. Every sample that contained 
infected cells gave a clear signal, including the sample that 
contained only a single infected cell in the presence of 100,000 
uninfected cells; yet the sample that did not contain any 
infected cells gave no signal, despite the presence of cellular 
components and nucleic acids from 100,000 uninfected cells. 
These results demonstrate that the assay is highly specific for 
the presence of target nucleic acid. 

The results also illustrate how kinetic data can be used to 
determine the number of target molecules in an unknown 
sample. Because the amount of reporter RNA doubles at 
regular intervals, it takes longer for a given (arbitrary) amount 
of RNA to be synthesized in a reaction initiated with less RNA. 
We measured the amount of time it took for 100 ng of reporter 
RNA (6.4 X 10 11 molecules) to be synthesized in each of the 
reactions shown in Fig. 4. This amount of RNA was just enough 
to be visible in the autoradiogram. We then plotted these 
"response times" against the number of infected cells in each 
sample. The results (Fig. 5) demonstrate that response time is 
inversely proportional to the logarithm of the number of 
targets. For every 10-fold decrease in the number of infected 
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Fig. 3. Demonstration that binary probe assays are background-free and sufficiently sensitive to detect 100 target molecules. Each amplification 
reaction was sampled at 1-min intervals. The fewer the number of target molecules in the original sample, the longer it took before sufficient reporter 
RNA was synthesized for it to be visible in the autoradiogram. Measurements of the amount of radioactive reporter RNA synthesized in the reaction 
from the sample containing 100 molecules indicated that it was amplified a hundred billion-fold. 
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Fig. 4. Demonstration that binary probe assays are highly specific. Every sample that contained HI V-l -infected lymphocytes gave a positive 
signal, including the sample that contained only one infected cell in 100,000 uninfected cells; yet the sample that contained only uninfected cells 
gave no signal at all. 



cells, it took about 2.1 min longer to synthesize 100 ng of 
reporter RNA. This relationship! holds over an extremely wide 
range of target concentrations, extending from 1 cell to at least 
100,000 cells. Thus, the number of infected cells in an unknown 
sample can be determined by comparing its response time to 
the results obtained from a set of reference standards. 

DISCUSSION 

sP^Both of the enzymatic steps that occur before amplification are 
^necessary. When the ligaton step is omitted, the number of 
V^-reporter RNAs generated is five orders of magnitude lower. 
H "fThe only reason that any reporter RNAs occur in the absence 
|^ jpf ligation is that Q/3 replicase can occasionally continue 
^polymerization across the gap in the ligation junction. When 
*kjthe enzymatic hybrid isolation step is omitted, the assays are 
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Fig. 5. Linear relationship between response time and the loga- 
rithm of the number of targets in a sample. The response time was 
measured for each amplification reaction shown in Fig. 4 and plotted 
against the number of HI V-l -infected lymphocytes in the correspond- 
ing sample. For every 10 -fold decrease in the number of infected cells, 
it took about 2.1 min longer to synthesize 100 ng of reporter RNA. The 
response time of the mock sample (indicated by an open circle) 
corresponded to the response time that would have been obtained 
from a sample containing 360. infected cells. Because the mock sample 
contained 10 6 HI V-l transcripts, we infer that each infected cell 
contained ~2800 HIV-1 target molecules. 



no longer background-free because persistent nonhybridized 
binary probes on the surface of the particles are occasionally 
ligated to each other. However, target-independent ligation is 
second order and depends on the concentration of the probes. 
When the hybrids are isolated, the concentration of these 
probes is reduced to such a low level that not even a single 
reporter RNA is generated. 

Several modifications will expand the utility of the assay. 
Virtually the only nucleic acid that is present in the amplifi- 
cation reactions is the reporter RNA. Therefore, the kinetic 
course of the reactions can be followed in real-time by 
including an intercalating fluorescent dye, such as propidium 
iodide, in the reaction mixture and measuring the increase in 
its fluorescence as it binds to the RNA being synthesized (33). 
Because there is no need to isolate the amplified RNA to 
detect it, the reaction tubes can be permanently sealed, 
eliminating the risk of contaminating other samples. 

Binary probes that are specific for different target RNAs can 
be combined in a single assay tube, thus enabling the simul- 
taneous detection of entire panels of pathogens. When these 
assays give a positive signal, the responsible pathogen can be 
identified because the amplified reporter RNA contains a 
unique embedded probe sequence. We recently devised novel 
nucleic acid detector probes, called "molecular beacons," that 
only fluoresce when they hybridize to their target (34). A series 
of molecular beacons, each specific for a different embedded 
probe sequence and each labeled with a fluorophore of a 
different color, can be included in an amplification reaction, 
enabling homogeneous, real-time detection in a multiplex 
format. 

Binary probe assays are particularly amenable to distin- 
guishing genetic alleles. Efficient ligation only occurs when the 
terminal nucleotides on either side of the ligation junction are 
correctly base-paired to the target strand (35). The occurrence 
of a terminal mismatch (due to an allelic difference) will result 
in a marked reduction in the number of amplifiable reporter 
RNAs. In these assays, the targets will be DNA, the ligation 
reaction will utilize an RNA-DNA heteroduplex (36), and 
selective hybrid release will be achieved by incubation with an 
appropriate restriction endonuclease. 

Finally, binary probe assays will require little in the way of 
instrumentation. They can be carried out in a hermetically 
sealed device containing two reaction chambers, where hy- 
bridization, capture, washing, and hybrid release occur in one 
chamber, and ligation, amplification and signal detection occur 
in the other. Because these assays are simple in design and 
practice, they can routinely be used for gene detection. 

We dedicate this paper to the memory of Sol Spiegelman, who first 
conceived quantitative nucleic acid hybridization assays (37, 38) and 
who introduced an entire generation of molecular biologists to the 
"exponential amplification of nucleic acids (39). We thank Claire 
Grigaux for her expert technical assistance; David Ho, William 
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Honnen, and Abraham Pinter for the preparation of HIV-l-infected 
lymphocytes; and Harvey Bialy, Herman Blok, Karl Drlica, and David 
Yong Zhang for their incisive observations. This research was sup- 
ported by the National Institutes of Health (Grants HL-43521 and 
AI-37015) and the American Foundation for AIDS Research (Grant 
02063-15-RGR). U.L. is supported by the Beijer Foundation, and 
P.M.L. is supported by an International Research Scholars Award 
from the Howard Hughes Medical Institute. 

1. Saiki, R. K., Scharf, S., Faloona, F., Mullis, K. B., Horn, G. T., 
Erlich, H. A. & Arnheim, N. (1985) Science 230, 1350-1354. 

2. Mullis, K.B. & Faloona, F. A. (1987) Methods Enzymol. 155, 
335-350. 

3. Guatelli, J. C, Whitfield, K. M„ Kwoh, D. Y„ Barringer, K. J., 
Richman, D. D. & Gingeras, T. R. (1990) Proc. Natl. Acad. Sci. 
USA 87, 1874-1878. , 

4. Barany, F. (1991) Proc. Natl Acad. ScL USA 88, 189-193. 

5. Walker, G. T., Fraiser, M.S., Schramm, J. L., Little, M. C, 
Nadeau, J. G. & Malinowski, D. P. (1992) Nucleic Acids Res. 20, 
1691-1696. 

6. Chu, B. C. F, Kramer, F. R. & Orgel, L. E. (1986) Nucleic Acids 
Res. 14, 5591-5603. 

7. Kramer, F. R. & Lizardi, P. M. (1989) Nature (London) 339, 
401-402. 

8. Lomeli, H., Tyagi, S., Pritchard, C. G., Lizardi, P. M. & Kramer, 
F. R. (1989) Clin. Chem. 35, 1826-1831. 

9. Miele, E. A., Mills, D. R..& Kramer, F. R. (1983) /. Mol Biol. 
171,281-295. g, X 

10. Kacian, D. L., Mills, D. R., Kramer, F. R. & Spiegelman, S. 
f*% (1972) Proc. Natl Acad. Sci. USA 69, 3038-3042. 
^!il. Mills, D. R., Kramer, F. R. & Spiegelman, S. (1973) Science 180, 
CI 916-927. 

\H2. Lizardi, P.M., Guerra, C. E., Lomeli, H., Tussie-Luna, I. & 
7 * Kramer, F. R. (1988) Bio /Technology 6, 1197-1202. 
Mrl3. Dobkin, C, Mills, D. R., Kramer, F. R. & Spiegelman, S. (1979) 
1 1 1 Biochemistry 18, 2038-2044. 

v, j4. Kramer, F. R. & Mills, D. R. (1981) Nucleic Acids Res. 19, 
*0 5109-5124. 

iH5. Levisohn, R. & Spiegelman, S. (1968) Proc. Natl. Acad. Sci. USA 
^ 60, 866-872. 

0 16. Morrissey, D. V., Lombardo, M., Eldredge, J. K., Kearney, K. R., 
Groody, E. P. & Collins, M. L. (1989) Anal Biochem. 81, 345- 



Q 



17. Adachi, A., Gendelman, H. E., Koenig, S., Folks, T., Willey, R., 
Rabson, A. & Martin, M. A. (1986)/ Virol. 59, 284-291. 

18. Axelrod, V. D., Brown, E., Priano, C. & Mills, D. R. (1991) 
Virology 184, 595-608. 

19. Syvanen, A.-C, Laaksonen, M. & Soderlund, H. (1986) Nucleic 
Acids Res. 14, 5037-5048. 

20. Langer, P. R., Waldrop, A. A. & Ward, D. C (1981) Proc. Natl. 
Acad. Sci. USA 78, 6633-6637. 

21. Uhlen, M. (1989) Nature (London) 340, 733-734. 

22. Popovic, M., Read-Connole, E. & Gallo, R. C. (1984) Lancet ii, 
1472-1473. 

23. Shaw, G. M., Hahn, B. H., Arya, S. K., Groopman, J. E, Gallo, 
R. C. & Wong-Staal, F. (1984) Science 226, 1165-1171. 

24. Pelligrino, M. G., Lewin, M., Meyer, W. A., Ill, Lanciotti, R. S., 
Bhaduri-Hauck, L., Volsky, D. J., Sakai, K., Folks, T. M. & 
Gillespie, D. (1987) BioTechniques 5, 452-460. 

25. Thompson, J. & Gillespie, D. (1987) Anal. Biochem. 163, 281- 
291. 

. 26. Nishihara, T., Mills, D. R. & Kramer, F. R. (1983) J. Biochem. 
(Tokyo) 93, 669-674. 

27. Mills, D. R„ Kramer, F. R:, Dobkin, C, Nishihara, T. & Cole, 
P. E. (1980) Biochemistry 19, 228-236. 

28. Weissmann, C, Feix, G. & Slor, H. (1968) Cold Spring Harbor 
Symp. Quant. Biol. 33, 83-100. 

29. Kleppe, K., van de Sande, J. H. & Khorana, H. G. (1970) Proc. 
Natl. Acad. Sci. USA 67, 68-73. 

30. Fareed, G. C, Wilt, E. M. & Richardson, C. C. (1971) / Biol 
Chem. 246, 925-932. 

31. Sano/H. & Feix, G. (1974) Biochemistry 13, 5110-5115. 

32. Shah, J. S., Liu, J., Smith, J., Popoff, S., Radcliffe, G., O'Brien, 
W. J., Serpe, G., Olive, D. M. & King, W. (1994) /. Clin. 
Microbiol 32, 2718-2724. 

33. Burg, J. L., Cahill, P. B., Kutter, M., Stefano, J. E. & Mahan, 
D. E. (1995) Anal Biochem. 230, 263-272. 

34. Tyagi, S. & Kramer, F. R. (1996) Nat. Biotechnol. 14, 303-308. 

35. Landegren, U., Kaiser, R,, Sanders, J. & Hood, L. (1988) Science 
241, 1077-1080. 

36. Moore, M. J. & Sharp, P. A. (1992) Science 256, 992-997. 

37. Hall, B. D. & Spiegelman, S. (1961) Proc. Natl. Acad. Sci. USA 
47, 137-146. 

38. Gillespie, D. & Spiegelman, S. (1965) / Mol Biol 12, 829-842. 

39. Haruna, I. & Spiegelman, S. (1965) Science 150, 884-886. 



o 

in 

y 
m 
& 
o 

m 

5 

G 

W 

c 

03 
P 



Cluneal Chemistry 43.11 
2021-2038 (1997) 



Review 
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U\ d i lie past several years, the development and appli- 
cation of molecular diagnostic techniques has initiated a 
revolution in the diagnosis and monitoring of infectious 
diseases. Microbial phenotypic characteristics, such as 
protein, bacteriophage, and chromatographic profiles, as 
well as biotyping and susceptibility testing, are used in 
most routine laboratories for identification and differ- 
e-'" on. Nucleic acid techniques, such as plasmid 
profiling, various methods for generating restriction 
fragment length polymorphisms, and the polymerase 
chain reaction (PCR), are making increasing inroads info 
clinical laboratories. PCR-based systems to detect the 
etiologic agents of disease directly from clinical sam- 
ples, without the need for culture, have been useful in 
rapid detection of unculturable or fastidious microor- 
gj*'X"\s. Additionally, sequence analysis of amplified 
microbial DNA allows for identification and better 
characterization of the pathogen. Subspecies variation, 
identified by various techniques, has been shown to be 
important in the prognosis of certain diseases. Other 
important advances include the determination of viral 
load and the direct detection of genes or gene mutations 
responsible for drug resistance. Increased use of auto- 
«":-' ; and user-friendly software makes these technol- 
ogies more widely available. In all, the detection of 
infectious agents at the nucleic acid level represents a 
true synthesis of clinical chemistry and clinical micro- 
biology techniques. - 

Over the past century microbiologists have searched for 
more rapid and efficient means of microbial identification, 
^"he '.verification and differentiation of microorganisms 
principally rehed on microbial morphology and 
growth variables. Advances in molecular biology over the 



Diwsion of Clinical Microbiotogv, Department of P.ithalogy .md Labor.v 
Mcifi unc , Hilton Bldg -170, M.m> Clinic. 200 First St, SW, Rochester! MN 

^i.hurs tor corrv'Spondence fax 507 234-4272, e-mail tang yi-w«?i@ 
l yo cvlu ur pcrsmj; d.ivid©mjyo edu 
Recced June 10, 1W; revision accepted July IS. 1997 



past 10 years have opened new avenues for microbial 
identification and characterization 11-5]. 

The traditional methods of microbial identification rely 
solely on the phenotypic characteristics of the organism. 
Bacterial fermentation, fungal conidiogenesis, parasitic 
morphology, and viral cytopathic effects are a few phe- 
notypic characteristics commonly used. Some phenotypic 
characteristics are sensitive enough for strain character- 
ization; these include isoenzyme profiles, antibiotic sus- 
ceptibility profiles, and chromatographic analysis of cel- 
lular fatty acids [6-23/. However, most phenotypic 
variables commonly observed in the microbiology labo- 
ratory are not sensitive enough for strain differentiation. 
When methods for microbial genome analysis became 
available, a new frontier in microbial identification and 
characterization was opened. 

Early DNA hybridization studies were used to demon- 
strate relatedness amongst bacteria. This understanding 
of nucleic acid hybridization chemistry made possible 
nucleic acid probe technology {14-251. Advances in plas- 
mid and bacteriophage recovery and analysis have made 
possible plasmid profiling and bacteriophage typing, re- 
spectively {26 -31 /. Both have proven to be powerful tools 
for the epidemiologist investigating the source and mode 
of transmission of infectious diseases [26, 28, 30, 32-40]. 
These technologies, however, like the determinations of 
phenotypic variables, are limited by microbial recovery 
and growth. 

Nucleic acid amplification technology has opened new 
avenues of microbial detection and characterization 
11,5, 41], such that growth is no longer required for 
microbial identification [42-52]. In this respect, molecular 
methods have surpassed traditional methods of detection 
for many fastidious organisms. The polymerase chain 
reaction (PCR) and other recently developed amplifica- 
tion techniques have simplified and accelerated the in 
vitro process of nucleic acid amplification. The amplified 
products, known as amplicons, may be characterized by 
various methods, including nucleic acid probe hybridiza- 
tion, analysis of fragments after restriction endonuclease 
digestion, or direct sequence analysis. Rapid techniques of 
nucleic acid amplification and characterization have sig- 
nificantly broadened the microbiologists' diagnostic arse- 
nal. 
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Traditional Microbial Typing 

BIOTYPINC 

Traditional. microbial identification methods typically rely 
on phenotypes, such as morphologic features, growth 
variables, and biochemical utilization of organic sub- 
strates. The biological profile of an organism is termed a 
biogram. The determination of relatedness of different 
organisms on the basis of their biograms is termed bio- 
typing. Investigators must determine which profile vari- 
ables have the greatest differentiating capabilities for a 
given organism [53, 54 j. For example, gram stain charac- 
teristics, indole positiviry, and the ability to grow on 
MacConkey medium do not aid in the differentiation of 
nonenterohemorrhagic Escherichia coli from E. coli 0157: 
H7. However, sorbitol fermentation has proven to be an 
extremely useful characteristic of the biochemical profile 
used to differentiate these strains. 

Biograms that are identical have been used to infer 
relatedness between strains in epidemiological investiga- 
tions [32, 55, 561. The biograms of organisms are not 
entirely stable, and several isotypes may exist from a 
single isolate [ 1 2J, Biograms may be influenced by genetic 
regulation, technical manipulation, and the gain or loss of 
plasmids. In many instances, biotyping is used in conjunc- 
tion with other methods to more accurately profile micro- 
organisms (321 

A NTI BIOGRAMS, RESISTOCRAMS, AND BACTERIOCIN 
TYPINC 

The susceptibility or resistance of an organism to a 
possibly toxic agent forms the basis of the following 
typing techniques. The antibiogram is the susceptibility 
profile of an organism to a variety of antimicrobial agents, ^ 
whereas the resistogram is the susceptibility profile to 
dyes and heavy metals [261. Bacteriocin typing is the 
susceptibility of the isolate to various bacterioeins, i.e., 
toxins that are produced by a collected set of producer 
strains These three techniques are limited by the number 
of agents tested per organism. 

By far, the antibiogram is the most commonly used 
susceptibility /resistance typing technique, most probably 
because the data required for antibiogram analysis are 
available routinely from the antimicrobial susceptibility 
testing laboratory. Although antibiograms have been 
used successfully to demonstrate relatedness, this tech- 
nology is limited [6, 10, 55/. And although organisms with 
similar antibiograms may be related, such is not necessar- 
ily the case. The antibiogram of an organism is not always 
constant [57j. Selective pressure from antimicrobial 1 ther- 
apy may alter an organism's antimicrobial susceptibility 
profile 15S1, such that related organisms show different 
resistance profiles. These alterations may result from 
chromosomal point mutations or from the gain or loss of 
extrachromosomal DNA such as plasmids or transposons 
126, 57, 59/. 



PROTEI N ANALYSIS 

Commercially available antibodies arc routinely used to 
specifically identify antigenic proteins from a wide vari- 
ety of organisms. In some instances, the test may be used 
only to identify the genus and species of an organism. 
Examples of this include the cryptococcal antigen agglu- 
tination assay and the exoantigen assay for Histoplasmn 
capsulatutn. Other immunoassays are designed to subtype 
microbes 160}. Monoclonal antibodies directed against the 
major subtypes of the influenza virus, as well as the 
various serotypes of Salmonella, are commonly used m 
speciation. Specific antigenic proteins may be detected by 
antibodies directed against these proteins in immunoblot 
methods [12, 61}. 

EJectrophoretic typing techniques have been used to 
examine outer membrane proteins, whole-cell lysates, and 
particular enzymes [6, 55}. Several electrophoretic meth- 
ods are available to examine the protein profile of an 
organism. Generally, outer membrane proteins and pro- 
teins from cell lysates are examined by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis. This tech- 
nique denatures the proteins and separates them on the 
basis of molecular mass. The protein profile may be used 
to compare strains [8, 55, 62/. 

Nondenaturing conditions are used for the electro- 
phoretic separation of active enzymes. Multiloops enzyme 
electrophoresis is the typing technique based on the 
electrophoretic pattern of several constitutive enzymes 
[63/. Differences in electrophoretic. migration of function- 
ally similar enzymes (e.g., lactate dehydrogenase isoen- 
zymes) represent different alleles. These differences or 
similarities, especially when numerous enzymes are ex- 
amined, may be used to exclude or infer relatedness 
16, 8, 101. 

The results of these studies may be difficult to inter- 
pret, however. The absence of a particular protein may 
simply reflect downregulation of that particular gene 
product, rather than the loss of that particular gene. 
Additionally, the electrophoretic migration of proteins is 
dependent on molecular mass, net protein charge, or both. 
Mutations that do not alter these characteristics will not 
be detected. 

PHAGE ANALYSIS 

Bacteriophages, viruses that infect and ]yse bacteria, are 
often specific for strains within a species. A collection of 
bacteriophages, many of which often infect similar bacte- 
ria, is termed a panel. When a bacterial isolate is exposed 
to a panel of bacteriophages, a profile is generated — i 
listing of which bacteriophages are capable of infecting 
and lysing the bacteria. The bacteriophage profile may b< 
used to type bacterial strains within a given specici 
131, 62}. The more closely related the bacterial strains, th< 
greater the similarity of the bacteriophage profiles. Bacte 
riophage profiles have been used successfully to typ 
various organisms associated with epidemic outbreak. 
[64, 651 However, this typing method is labor-intensiv' 
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<md requires the maintenance of bacteriophage panels for 
• wide variety of bacteria. Additionally, bacteriophage 
•j files may fail to identify isolates, are often difficult to 
interpret, and may give poor reproducibility [62j. 

CHROMATOGRAPHIC ANALYSIS . 

Chromatographic analysis of short-chain fatty acid pro- 
duction is a routine method used to aid in the identifica- 
tion of anaerobic bacteria. Computer-aided gas-liquid 
v '!n-omatography is commercially available and is a means 

microbial identification. This identification system uti- 
lizes the type and amount of cellular fatty acids present in 
the lysate* of an organism. Many species have unique 
cellular fatty. acid chromatographic profiles [9, 13/. Rela- 
tionships between strains of a particular species may be 
inferred from highly similar cellular fatty acid profiles [71 

Chromatographic analysis is reliable when organisms 
1 i' grown under identical conditions and the cellular 
i /Ay acids are extracted without.technical variation. These 
constraints, however, limit the accuracy of this technology 
with respect to strain and in some instances even species- 
level identification. 

Nucleic Acid-Based Typing Systems 

PI. ASM ID ANALYSIS 

i !,ismids are small, self-replicating circular DNA found in 
many bacteria. These often encode genes related to anti- 
biotic resistance and certain virulence factors. In epidemi- 
ological studies, relatedness of isolated pathogenic bacte- 
rial strains can be determined from the number and size 
of plasmids the bacteria carry. Plasmid profile analysis 
was among the earliest nucleic acid-based techniques 
a-- plied to the diagnosis of infectious diseases and has 
P'.»ven useful in numerous investigations [26-30,601. 
This method has also been widely utilized for tracking 
antimicrobial resistance during nosocomial outbreaks 
[26, 66, 671 In studies of the epidemiology of plasmids, 
analysis of restriction fragments has proved valuable. 
This technique is widely used to monitor the spread of 
resistance-encoding plasmids between organisms and be- 
tween hospitals, communities, or even countries [37-40]. 
The weakness of the analysis is inherent in the fact that 
plasmids are mobile, extrachromosomal elements, not 
part of the chromosomal genotype. Because plasmids can 
be spontaneously lost, from or readily acquired by a host 
stain, epidemiologically related isolates can exhibit differ- 
ent plasmid profiles [68]. 

RE.-TRECTION ENZYME PATTERN 

Restriction endonucleases- recognize specific nucleotide 
sequences in DNA and produce double-stranded cleav- 
ages that break the DNA into small fragments. The 
number and sizes of the restriction fragments, called 



restriction fragment length polymorphisms (RFLPs) 1 , gen- 
erated by digesting microbial DNA are influenced by both 
the recognition sequence of the enzyme and the compo- 
sition of the DNA. In conventional restriction endonucle- 
ase analysis, chromosomal or plasmid DNA is extracted 
from microbial specimens and then digested with endo- 
nucieases into small fragments. These fragments are then 
separated by size with use of agarose gel electrophoresis. 
The nucleic acid elcctrophorctic pattern can then be 
visualized by ethidium bromide staining and examination 
under UV light. 

Restriction endonuclease analysis has the advantage of 
being highly reproducible, very accurate in determining 
the relatedness of microbial strains, and well within the 
technical capabilities of experienced laboratory technolo- 
gists. However, the major, limitation of this technique, 
especially for chromosomal DNA, is the difficulty of 
comparing the complex profiles generated, which consist 
of hundreds of fragments. To address this problem, 
pulse-field gel electrophoresis (PFGE) has been developed 
[69] to enable the separation of large DNA fragments. 
PFGE provides a chromosomal restriction profile typi- 
cally composed of 5 to 20 distinct, well-resolved frag- 
ments ranging .from -10-800 kilobases (kb) [58]. The 
relative simplicity of the RFLP profiles generated by 
PFGE facilitates application of the procedure in identifi- 
cation and epidemiological survey of bacterial pathogens 
[12, 70-801 Fingerprinting, which combines PFGE with 
Southern transfer and hybridization, has been widely 
used in studying the tuberculosis nosocomial outbreak in 
human immunodeficiency virus (HIV)-positive popula- 
tions 181-83]. 

RIBOTYPING 

Restriction patterns can be obtained by hybridizing 
Southern-transferred DNA fragments with labeled bacte- 
rial ribosomal operon(s), which encode for 16S and (or) 
23S rRNA. This method, called ribotyping, has been 
shown to have both taxonomic and epidemiological value 
[84, 85]. All bacteria carry these operons, which are highly 
conserved and therefore typeable. Particular rRNA se- 
quences that are species- or group-specific have been also 
exploited in construction of oligonucleotides that have 
been used as probes for in situ detection of bacteria. 

Ribotyping assays have been used to differentiate 
bacterial strains in different serotypes and to determine 
the serorype(s) most frequently involved in outbreaks 
[12, 29, 73, 79, 86-89]. This technique is especially useful 



1 Nonstandard abbreviations: RFLP, restriction fragment length polymor- 
phism, PFGE. pulse-field gel electrophoresis. RAPD, random amplified poly- 
morphic DNA. bDNA. branched DNA; RT, reverse transcriptase, TAS. tran- 
scnption-bascd amplification system; TMA, transcription-mediated 
amplification; LCR, ligase chain reaction; SDA, strand displacement amplifi- 
cation; HPA, the hybridization protection assay; DEIA. DNA enzyme immu- 
noassay. SSCP, single-strand conformational polymorphisms; HCV, hepatitis 
C virus, HIV, human immunodeficiency virus; HPV, human papillomavirus. 
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in epidemiological studies for organisms with multiple 
ribosamal operons, such as members of the family of 
Entcrobacleriaccae. Ribotyping simplifies the rrucrorestnc- 
tion patterns by rendering visible only the DNA frag- 
ments containing part or all of the ribosomal genes. The 
technique is less helpful when the bacterial species under 
investigation contains only one or a few ribosoma) oper- 
ons. In these instances, ribotyping typically detects only 
one or two bands; which limits' its utility for epidemio- 
logical studies [70/. Most studies have indicated that 
PFGE is superior to ribotyping for analysis of common 
nosocomial pathogens. 

RANDOM AMPLIFIED POLYMORPHIC DNA (RAPD) 

RAPD typing, originally developed by Welsh and McClel- 
land in 1990, involves the use. of a short (usually 10 to 15 
mers), arbitrarily chosen primer to amplify nearly homol- 
ogous sequences of the genomic DNA under low-strin- 
gency conditions [90]. RAPD has been used to differenti- 
ate strains of various species, various serotypes within 
species, and various subtypes within a serotype [91-95]. It 
is, therefore, useful for determining whether two isolates 
of same species are epidemiological^ related. RAPD has 
been used to evaluate outbreaks of infection of drug- 
resistant bacteria [96-981. For potentially dangerous drug- 
resistant organisms such as the mycobacteria, RAPD may 
be a better choice than PFGE because the technique 
requires fewer open manipulations and the organisms are 
kept viable for a shorter period. RAPD is probably the 
simplest DNA-based subtyping method to date if a tem- 
perature-cycling instrument is available, although the 
usefulness for epidemiological investigations remains to 
be determined, particularly with regard to reproducibility 
concerns. s 

Nucleic Acid Analysis Without Amplification 

NUCLEIC ACID PROBES 

Nucleic acid probes are capable of identifying organisms 
at, above, and below the species level. The quantity of 
target detectable by the method depends on the size and 
homology of the probe chosen and the nature of the 
original specimen; identification of organisms in pure 
cultures or from isolated colonies is usually easier than 
detection of organism in a direct specimen. DNA probes 
facilitate the identification of infectious agents that do not 
grow rapidly. Additionally, this technique allows for the 
diagnosis of infections in which the organisms are not 
easily cultured or cannot be cultured at all. Detection of 
DNA with direct or culture-amplified gene probe technol- 
ogy has been applied to several organisms, including 
bacteria [14-16], viruses [17-19], mycobacteria [10-11], 
fungi [23,24], and even certain parasites [251 The tech- 
nique has been also used to monitor growth as an 
indicator of drug resistance [99, 100] or to directly detect 
genes associated with antibiotic resistance [101 f 102]. 

Gen-Probe, MicroProbe, and Digene Diagnostics are 
currently manufacturing several direct detection and cul- 



ture identification nucleic probes that have been cleared 
by the US Food and Drug Administration. The procedures 
for the use of DNA probes are now well standardized, 
and the advent of synthetic short oligonucleotide DNA 
probes has shortened the time required for probe assay. 
However, direct probe techniques appear to be of limited 
utility owing to poor sensitivity. Nucleic acid amplifica- 
tion methods, described in detail below, have been ex- 
plored to address this problem, 

BRANCHED DNA SIGNAL AMPLIFICATION 

Developed and manufactured by Chiron Corp., branched 
DNA (bDNA) probes are an example of signal amplifica- 
tion. Multiple probes as well as multiple reporter mole- 
cules are used to increase the signal in proportion to 
amount of target in the reaction [103\ 104]. In this process, 
multiple specific synthetic oligonucleotides hybridize to 
the target and capture the target onto a solid surface. 
Synthetic bDNA amplifier molecules, which are enzyme- 
conjugated, branched oligonucleotide probes, are added. 
Hybridization proceeds between the amplifiers and the 
immobilized hybrids. After addition of a chemilumines- 
cent substrate, light emission \$- measured and may be 
quantified [103], 

In bDNA assays, all hybridization reactions occur 
simultaneously and the observed signal is proportional to 
the amount of target DNA. DNA quantification can thus 
be determined from a calibration curve. Because the target 
molecules themselves are not amplified during the pro- 
cess, this procedure is less likely to have contamination 
problems, which may be encountered with nucleic acid 
amplification methods. bDNA is also highly reproducible, 
and thus represents an excellent technological platform 
for monitoring therapeutic response and quantifying nu- 
cleic acids [105-109]. A separate section below deals with 
this particularly important issue. One of the disadvan- 
tages, however, is that the bDNA assay is generally less 
sensitive than enzymatic amplification techniques and 
usually can detect no fewer than 10 3 to 10 s nucleic add 
targets. As with many techniques, moreover, test specific- 
ities decline as greater sensitivity is sought. 

Polymerase Chain Reaction 

As mentioned above, for direct application to the diagno- 
sis of infections, nucleic acid analysis without amplifica- 
tion often has the disadvantage of low sensitivity (high 
detection limits). Nucleic acid amplification techniques 
increase sensitivity dramatically while still retaining a 
high specificity. Invented by Cctus scientist Kary Mullis 
in 1983 [1, 2], PCR is the best-developed and most widely 
used method of nucleic acid amplification. An ingenious 
procedure, PCR is based on the ability of DNA polymer- 
ase to copy a strand of DNA by elongation of comple- 
mentary strands initiated from a pair of closely spaced 
chemically synthesized oligonucleotide primers. 

The basic technique of PCR includes repeated cycles of 
amplifying selected nucleic acid sequences [1,2], Each' 



cvcle consists of three steps: {a) a DNA denaturation step, 
, n which the double strands of the target DNA are 
s.C'Ti rated; (b) a primer annealing step, performed at a 
i temperature, in which primers anneal to their 
L oiv.plemcntary target sequences; and (c) an extension 
reaction step, in which DNA polymerase extends the 
sequences between the primers. At the end of each cycle 
(each consisting of the above three steps), the quantities of 
PCR products are theoretically doubled. The whole pro- 
cedure is carried out in a programable thermal cycler. 
Generally, performance of 30 to 50 thermal cycles results 
\ : - -n exponential increase in the total number of DNA 
_.y.^s synthesized [110, 111]. Commercial systems for 
•PGR detection of DNA targets of Chlamydia trachomatis 
and Mycobacterium tuberculosis are manufactured by 
Roche Molecular Systems [1 12]. 

REVERSE TRANSCRIPTASE (RT)-PCR 

Numerous modifications of the standard PCR procedure 
have been developed since its inception [4, 5, 41 ]. Some of 
. >e modifications effectively expand the diagnostic ca- 
pabilities of PCR and have increased its utility in the 
clinical laboratory. RT-PCR was developed to amplify 
RNA targets. In this process, RNA targets are first con- 
verted to complementary DNA (cDNA) by RT, and then 
amplified by PCR. RT-PCR has played an important role 
in diagnosing RNA-containing virus infections, detecting 
viable Mycobacteria species, and monitoring the effective- 
- 1 • , of antimicrobial therapy 1113-115]. The conventional 
reverse transcription reactions are fastidious: The en- 
zymes cannot tolerate higher temperatures, which limits 
wide application of the method in clinical diagnosis. The 
thermostable DNA polymerase (Tth pol) and its thermo- 
stable cousins derived from other organisms have effi- 
cient reverse transcription activity and therefore can be 
used in detection of RNA targets without the need for a 
^ pa rate RT step [116, 117}. The higher reaction tempcra- 
i:.:e increases stringency of primer hybridization and 
avoids the possible RNA secondary structure, so that the 
reaction is more specific and efficient than previous 
protocols that used avian myeloblastosis virus RT. Com- 
mercial kits for detection of HIV are now available that 
use this single enzyme technology. 

NESTED rCR 

'.-sted PCR, designed mainly to increase sensitivity (de- 
tect smaller quantities of target), uses two sets of ampli- 
fication primers [4, 118}. One set of primers is used for the 
first round of amplification, which consists of 15 to 30 
cycles. The amplification products of the first reaction arc 
then subjected to a second round of amplification with 
another set of primers that are specific for an internal 
sequence that was amplified by the first primer pair 
fllS-120]. Nested PCR has extremely high sensitivity 
because of the dual amplification process. The DNA 
product from the first round of amplification contains the 
hybridization sites for the second primer pair. The ampli- 



fication by the second primer set, therefore, verities the 
specificity of the first-round product. The major disadvan- 
tage of the nested-amplification protocol is the high 
probability of contamination during transfer of the first- 
round' amplification products to a second reaction tube 
This can be avoided either by physically separating the 
two amplification mixtures with a layer of wax or oil, or 
by designing the primer sets to utilize substantially dif- 
ferent annealing temperatures 14} 

MULTIPLEX PCR 

Multiplex PCR is an amplification reaction in which two 
or more sets of primer pairs specific for different targets 
are introduced in the same tube. Thus, more than one 
unique target DNA sequence in a specimen can be ampli- 
fied at the same time [121\. Primers used in multiplex 
reactions must be carefully designed to have similar 
annealing temperatures, which often requires extensive 
empirical testing. This coamplification of multiple targets 
can be used for various purposes. For diagnostic uses, 
multiplex PCR can be set up to detect internal controls or 
to detect multiple pathogens from a single specimen 
[115, 120, 122 1 123}. Quantitative competitive PCR, a vari- 
ation, of multiplex PCR, can be used to quantify the 
amount of target DNA or RNA in a specimen [124, 125]. 

BROAD-RANGE PCR 

Another important technical modification is the develop- 
ment of broad-range PCR, in which conserved sequences 
within phylogenetically informative genetic targets are 
used to diagnose microbial infection. A broad-range PCR 
approach has identified several novel, fastidious, or un- 
cultivated bacteria] pathogens directly from infected hu- 
man tissue or blood [126-131}. A universal primer set 
designed to target herpesvirus DNA polymerases might 
be widely useful for diagnosing herpesvirus infection 
[132]. Broad-range rRNA PCR techniques offer the possi- 
bility of rapid bacterial identification through use of a 
single pair of primers targeting bacterial small-subunit 
(16S) rRNA or DNA [133-136]. The major obstacles to 
implementation of rapid, automated rDNA-based bacte- 
rial identification systems are background contamination 
and, needless to say, cost. Perkin-Elmer Applied Biosys- 
tems is developing a commercial system for broad-range 
bacterial amplification and sequencing. 

Other Nucleic Acid Amplification Techniques 

TRANSCRIPTION-BASED AMPLIFICATION SYSTEM (TAS). 
Described in 1989 by Kwoh et al., TAS includes synthesis 
of a DNA molecule complementary to the target nucleic 
acid (usually RNA) and in vitro transcription with the 
newly synthesized cDNA as a template [137]. Variations 
on this process are referred to as self-sustaining sequence 
replication ("3SR"), nucleic acid sequence-based amplifi- 
cation ("NASBA"), or transcription-mediated amplifica- 
tion (TMA) [138-1391. Three enzymes, RT, RNase H, and 
T7 DNA-dependent RNA polymerase are used in the 
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reaction. Amplification steps involve the formation of 
cDNAs from'the target RNA by using primers containing 
a RNA poiymerase-binding site. The RNasc H then de- 
grades the initial strand of target RNA in the RNA-DNA 
hybrid after it has served as the template for the first 
primer. The second primer binds to the newly formed 
cDNA and is extended, resulting in the formation of 
double-strand cDNAs in which one or both strands are 
capable of serving as transcription templates for RNA 
polymerase. Although technically less robust and less 
sensitive than PCR, TMA has various merits that make it 
an attractive option: It works at isothermal conditions in a 
single tube to help minimize contamination risks [1381. 
Amplification of RNA not only makes it possible to detect 
RNA-containing viruses, but also lowers the detection 
limit for certain bacterial and fungal pathogens by using 
high-copy-number rRNA targets [1391. A commercial 
system for detection of M. tuberculosis by TMA is now 
available from Gen-Probe. 

LIGASE CHAIN REACTION (LCR) 

Also called ligase amplification reaction, LCR is a probe 
amplification technique first described in 1989 by Wu and 
Wallace [141 j. Successful ligation relies on the contiguous 
positioning and correct base-pairing of the 3' and 5' ends 
of oligonucleotide probes on a target DNA molecule. In 
the process, oligonucleotide probes are annealed to tem- 
plate molecules in a head-to-tail fashion, with the 3' end 
of one probe abutting the 5' end of the second. DNA 
ligase then joins the adjacent 3' and 5' ends to form a 
duplicate of one strand of the target. A second primer set, 
complementary to the first, then uses this duplicated 
strand (as welhas the original target) as a template for 
ligation Repeating the process results in a logarithmic 
accumulation of ligation products, which can be detected 
by means of the functional groups attached to the oligo- 
nucleotides {142}. The recently developed thermostable 
DNA ligase greatly simplifies this technique and has 
increased the specificity by helping avoid problems of 
blunt-end ligation at low annealing temperature 1143]. 
When used after a target amplification method, such as 
PCR, this technique can be sensitive and is useful for 
the detection of point mutations. Although convenient 
and readily automated, one potential drawback of 
LCR is the difficult inactivation of the postamplification 
products. The nature of the technique does not allow the 
most widely used contamination control methods to be ap- 
plied. The inclusion of a detection system within the same 
reaction tube would greatly decrease the possibility of 
contamination, which is associated with the opening of 
reaction tubes. A combination LCR kit for detection of both 
Chlamydia trachomatis and Neisseria gonorrhea is now com- 
mercially available from Abbott Labs. [144], 

STRAND DISPLACEMENT AMPLIFICATION (SDA) 

SDA is another non-PCR nucleic acid amplification tech- 
nique, developed in 1991 [145, 146]. In this system, DNA 



polymerase initiates DNA syntheses at a single-stranded 
nick and displaces the nicked strand during DNA synthe- 
sis. The displaced single-stranded molecule then serves as 
a substrate for additional simultaneous nicking and dis- 
placement reactions [145]. This isothermal DNA amplifi- 
cation procedure uses specific primers, a DNA polymer- 
ase, and a restriction endonu dense to achieve exponential 
amplification of target. The key technology behind SDA is 
the generation of site-specific nicks by the restriction 
endonuclease. Although complicated, SDA has two im- 
portant advantages. Except for the initial denaturation 
step, SDA is isothermal and requires no specialized ther- 
mocyclcr [146]. In addition, SDA can be applied to either 
single- or double-stranded DNA. 

Q/3 REPLICASE SYSTEM 

initially described in 1988 [147], the Q/3 replicase system is 
based on the incorporation of a single-stranded oligonu- 
cleotide probe into an RNA molecule that can be expo- 
nentially amplified after target hybridization by the en- 
zyme Q/3 replicase [148]. The assay is technically 
straightforward. The enzyme specifically recognizes the 
secondary structure of the RNA from the Q/3 genome, 
which is hybridized to the specific target. After a given 
probe anneals to a target, the nonhybridized material can 
be removed by the enzyme RNase III and subsequent 
wash steps. The hybridized probe is then cnzymatically 
replicated by Q/3 replicase to detectable quantities 
[147, 149]. The potential advantages associated with the 
Q/3 replicase procedure include its remarkable speed (<30 
rnin) and isothermal reaction conditions. The main draw- 
back is that unbound reporter probes or nonspedficalty 
bound reporter probes serve as templates for amplifica- 
tion, resulting in false- positive results. This formidable 
problem has been largely overcome by the use of target 
capture methods. 

Practical information about current commercially 
available and Mayo Clinic-developed amplification tech- 
niques for detection of microbial pathogens are summa- 
rized in Table 1. 

Analysis of Amplification Products 

After target amplification, the simple or conventional 
version of product detection is use of agarose gel electro- 
phoresis after ethidium bromide staining. Several other 
techniques have been developed not only to "visualize" 
the products, but to enhance both the sensitivity and 
specificity of amplification techniques as well. A probe- 
based DNA detection system has the advantage of pro- 
viding sequence specificity and decreased detection lim- 
its. After routine agarose gel electrophoresis, the DNA is 
transferred to a solid phase, e.g., nitrocellulose or nylon 
membrane, and probed by a specific probe. Radiolabeled 
probed membranes are directly exposed to x-ray film, 
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whereas enzyme-labeled probed membrane may be visu- 
alized through either light or color production. 

1 1 i BRIDIZATION PROTECTION ASSAY (HPA) 
HPA is a homogeneous format. The probe and the prod- 
uct are incubated together in a single test tube, and the 
binding of probe to the target is measured without further 
manipulation {1501 A probe labeled with an acridmium 
ester is added to a sample containing PCR products for 
identification. In a positive sample, the bound probe is 
protected from alkaline hydrolysis and, upon addition of 
:roxides, emits detectable light. The HPA does not 
require the binding of amplified DNA to a solid support 
by DNA capture or other means, can be performed in a 
few hours, and does not need to have excess unbound 
DNA probe removed [151, 152] 

DNA ENZYME IMMUNOASSAY (DEIA) 

DEIA is another newly developed system for detecting 
.uicleic acid previously amplified by means of PCR 1153]. 
An anti-dsDNA antibody exclusively recognizes the hy- 
bridization product resulting from the reaction between 
target DNA and a DNA probe. The final product is 
revealed by means of a colorimetric reaction [153]. The 
O DEIA increases the sensitivity of a previous PCR by 

L f) including enzymatic reactions. The hybridization between 

f^'i specific probe and PCR-ampIified target DNA, as well as 

f 1 ^ ihe formation of target DNA /probe hybrids and anti- 

^ dsDNA antibody complex, also enhances the specificity. 

LU The system is now manufactured by Sorin Btomedica 

syp Diagnostics in Europe and Incstar in the US. Variations on 

pH DEIA capture techniques have been explored recently 

S [112, 144]. 

^ , AUTOMATED DNA SEQUENCING TECHNOLOGY 

W Direct sequencing offers direct, rapid, and accurate anal- 

ly /sis of amplification products. As described earlier, 

broad-range PCR amplifies conserved regions of a wide 
ffi range of organisms [128, 133]. The amplicon sequence is 

p[ first determined, then a DNA sequence-based phyloge- 

netic analysis is performed and used to specifically iden- 
tify the pathogen [154]. Current sequencing technologies 
include one of two approaches: electrophoretic separa- 
tion, based on poly aery I amide slab gels or glass capillar- 
ies, and solid-phase sequencing, determined by matrix 
hybridization [128, 133]. 

single-strand conformational polymorphisms 
(sscp) 

SSCP was first described by Orita et al. [155]. DNA is 
subjected to PCR with primers to a region of suspected 
polymorphism. The PCR products, which usually 
incorporate a detector marker, are examined after gel 
flectrophoresis. Physical conformational changes in sin- 
gle-stranded DNA are based on the physiochemical prop- 
erties of the nucleotide sequence. Variations in the phys- 
ical conformation are reflected in differential gel 



migration. This technique is sensitive enough to detect 
single nucleotide substitutions. One area in which SSCP 
may prove to be of value is in the detection of mutations 
related to resistance mechanisms. SSCP, and variations on 
the technique, have been successfully used to examine the 
genes contributing to the multidrug resistance of M. 
tuberculosis [156, 157]. 

RFLP ANALYSIS 

In postamplification RFLP analysis, the amplified DNA 
fragments are cut by a restriction endonucleasc, separated 
by gel electrophoresis, and then transferred to a nitrocel- 
lulose or nylon membrane. The fragment(s) containing 
specific sequences may then be detected by using a 
labeled homologous oligonucleotide as a probe. Varia- 
tions m the number and sizes of the fragments detected 
are referred to as RFLPs and reflect variations in both the 
number of loci that are homologous to the probe and the 
location of restriction sites within or flanking those loci 
[158]. An epidemiological application of RFLPs is dis- 
cussed in more detail later. 

Current Application of Molecular Diagnostics 

CLINICAL MICROBIOLOGY 

Traditionally, the clinical medical microbiology labora- 
tory has functioned to identify the etiologic agents of 
infectious diseases through the direct examination and 
culture of clinical specimens. Direct examination is lim- 
ited by the number of organisms present and by the 
ability of the laboratorian to successfully recognize the 
pathogen. Similarly, the culture of the etiologic agent 
depends on the ability of the microbe to propagate on 
artificial media and the laboratorian's choice of appropri- 
ate media for the culture. When a sample of limited 
volume is submitted, it is often not possible to culture for 
all pathogens. In such instances, close clinical correlation 
is essentia] for the judicious use of the specimen available. 

Some microorganisms are either unculrurable at 
present, extremely fastidious, or -hazardous to laboratory 
personnel. In these instances, the diagnosis often depends 
on the serologic detection of a humoral response or 
culture in an expensive biosafety level II— IV facility. In 
community medical microbiology laboratories, these fa- 
cilities may not be available, or it may not be economically 
feasible to maintain the special media required for culture 
of all of the rarely encountered pathogens. Thus, cultures 
arc often sent to referral laboratories. During transit, 
fragile microbes may lose viability or become overgrown 
by contaminating organisms or competing normal flora. 

The addition of molecular detection methods to the 
microbiology laboratory has resolved many of these prob- 
lems. The exquisite sensitivity and specificity of many 
molecular methods allow the accurate detection of very 
small numbers of organisms. The direct detection of 
M. tuberculosis nucleic acid from the sputa of smear- 
negative patients with tuberculosis clearly illustrates this 
point [159-161]. The technology allows for the rapid and 
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accurate identification of the etiologic agent in a time 
substantially shorter than traditional methods. This al- 
lows for earlier initiation of a focused antimicrobial regi- 
men and decreases the likelihood of disease progression. 

In selected situations, the limitations imposed by the 
ability of an organism to be cultured and the selection of 
appropriate media and culture conditions may be re- 
placed by the use of molecular microbiology. Microbial 
DNA/RNA extracted from a clinical specimen may be 
analyzed for the presence of various organism-specific 
nucleic acid sequences regardless of the physiological 
requirements or viability of the organism 1136, 162-165]. 
For example, the inability to culture and analyze the 
principal etiologic agent of non-A, non-B hepatitis limited 
medical advances in this area. Using various molecular 
methods, however, investigators have been able to isolate 
hepatitis C virus (HCV) nucleic acid [166}. Analysis and 
cloning of the HCV genome has provided the viral 
antigens necessary for the development of specific sero- 
logic tests [167-169]. Currently, RT-PCR allows for the 
identification, quantification, and sequence analysis of the 
HCV genome in infected individuals [117, 170, 171]. 

Another unculturable microbe that has been specifi- 
cally detected by PCR and probe analysis is Tropherymn 
whippelii, the causative agent of Whipple disease 
[128, 172, 173]. Because of the inability of this organism to 
grow on conventional media and the lack of a serologic 
test, diagnosis of Whipple disease is usually based on 
clinical and specific biopsy findings. Patients with 
Whipple disease often have gastrointestinal manifesta- 
tions and undergo endoscopy. Small bowel biopsies re- 
veal foamy histiocytes filling the lamina propria. The 
definitive diagnosis is made with 'the identification of 
rion-acid-fast, periodic acid-shift-positive, diastase-resis- 
tant bacillary forms within the histiocytes. Extraintestinal 
Whipple disease, principally seen as arthritis and central 
nervous system involvement, may be missed entirely 
unless the clinician and pathologist have a high index of 
suspicion. Even so, the diagnosis in such instances may 
prove difficult. Advances in the molecular detection of T. 
xMpp'clii have resolved this dilemma [128,172, 173], On 
the basis of bacterial 16S rRNA gene sequence analysis, an 
emerging pathogen, Borcictclla holmesii, has been success- 
fully identified in the immunocompromised hosts 
[130, 131]. Additionally, the DNA from a single clinical 
specimen, such as a knee fluid aspirate, may be tested for 
several etiologic agents in a differential diagnosis. In such 
instances, the specimen may also be analyzed for other 
fastidious and difficult-to-culture agents of infectious 
arthritis, such as N. gonorrhea or Borrclia burgdorferi 
[14, 15, 60, 103, 125, 174]. 

As alluded to earlier, molecular methods may also be 
useful in instances of limited specimen volume [175,176]. 
Even in low-volume specimens, enough DNA/RNA can 
-often be extracted to allow performance of numerous mo- 
lecular assays. However, though molecular methods are 
very sensitive, we emphasize that, like culture and direct 
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examination, clinically relevant results are ultimately re- 
liant on the submission of quality specimens 1177-178], 

Some organisms, although not difficult to culture, are 
encountered infrequently and require special media for 
isolation. Jn these instances, culturmg may not be cost- 
effective for smaller laboratories because the reagents 
may expire before usage; these samples may also be sent 
to reference laboratories for culturing, for the sake, of 
economy. Again, fragile organisms may die in transit or 
become overgrown by contaminating bacteria, thereby 
making the subsequent culture useless. If molecular mi- 
crobiology facilities are not available in community labo- 
ratories, nucleic acids extracted by the use of commer- 
cially- available kits may be sent frozen to molecular 
reference facilities. Alternatively, if molecular facilities are 
available, PCR primers and probes for relatively rare 
microorganisms may be maintained frozen at -70 °C for 
extended periods and used when needed. This may 
eliminate the need for special culture media and circum- 
vent problems related to specimen transit. As molecular 
techniques become more widely available, the spectrum 
of rapid and cost-effective clinical microbiology testing 
available to smaller laboratories can be extended. 

Molecular methods of detection may also play a role in 
laboratory safety. Organisms such as Coxiella burnetii, 
M. tuberculosis, Coccidioides immitis, and several viruses 
causing severe hemorrhagic fevers are laboratory hazards 
1179-1821. These organisms are easily cultured, but may 
infect laboratory personnel and cause serious illness or 
death. The handling of these organisms requires specially 
trained personnel, special equipment, and expensive ven- 
tilated facilities— all of which increase laboratory costs. 
Molecular methods may be used to detect such organisms 
directly from clinical specimens, without exposing labo- 
ratory personnel to biologically amplified organisms. Af- 
ter the initial extraction procedure, only noninfectious 
materials are handled. 

The molecular detection of microbes with a known 
susceptibility profile is an effective replacement of the 
traditional culture. An excellent example is the molecular 
detection of Bordctclla pertussis [176]. This organism is a 
relatively slow grower, requires specially supplemented 
and more costly media, and has a known susceptibility 
profile. The molecular detection of Bordetella pertussis can 
save time, lower laboratory costs with regard to special 
media, and allow for the more rapid initiation of effective 
therapy {1761 If variable antimicrobial susceptibility pro- 
files exist, culture for susceptibility testing is still neces- 
sary. Molecular methods for the detection of antimicrobi- 
al-resistant strains are in development and in the future 
may replace traditional susceptibility testing (see below). 
Until then, molecular screening may be used to determine 
which patients should be cultured for subsequent suscep- 
tibility testing. 

In recent years, the demand for quantification of nu- 
cleic acid targets has been growing [283, 1841, By use of 
molecular methods, the microbial load of an infecting 



pathogen may be determined and its genotype mav also 
be evaluated. Viral load data are used to monitor thera- 
peutic responsiveness and may yield prognostic informa- 
tion regarding the progression of disease. Until recently, 
however, the task of quantitative nucleic acid amplifica- 
tion has been very difficult to accomplish. Because the 
amplification techniques yielded products in an exponen- 
tial manner until a plateau was ■ reached, any factor 
interfering with the exponential nature of the amplifica- 
tion process would therefore affect the result of the 
quantitative assay. In practice, many factors can affect the 
efficiency of the I 5 CR reaction throughout the amplifica- 
tion procedures and result in the differences between 
theoretical and actual yields of the reaction. Now, how- 
ever, kit-based technologies make it possible for many 
laboratories to carry out quantitative determinations. 

Viral load determinations are currently used for eval- 
uating HIV and HCV disease by the use of PCR and 
bDNA technology [185-187}. When used with other sur- 
rogate markers such as CD4 cell count, determination of 
plasma HIV viral load is an early and accurate marker of 
disease progression [188-191], This may result in better 
predictors of disease progression and outcome, as well as 
criteria for initiation and modification of antiviral ther- 
apy. 

CLINICAL EPIDEMIOLOCY AND INFECTION CONTROL 
The investigation and control of nosocomial infections is a 
complex issue that involves clinical, infection-control, and 
laboratory personnel. The efforts of both the microbiolo- 
gist and the hospital epidemiologist are facilitated greatly 
by the availability of the newer molecular epidemiological 
typing techniques. Molecular diagnostic techniques have 
been successfully used in the investigation and control of 
classical and emerging nosocomial pathogens, such as the 
enterobacteriaceae, Pseudomonas aeruginosa, Staphylococcus 
aureus, coagulase-negative staphylococci, enterococci, 
Candida albicans, M. tuberculosis, and Chlamydia pneumoniae 
{79, 192~194j. Application of DNA probe-based assays 
allows the diagnosis of other nosocomial infections 
caused by respiratory syncytial virus [195], varicella- 
zoster virus, herpes simplex virus [196], and legionella 
[197] to be made in only a few hours. The molecular 
techniques have played an important role in the detection, 
identification, and antimicrobial susceptibility testing of 
many nosocomial pathogens [83, 96, 97, 198]. A good ex- 
ample is the use of PCR-RFLP analysis in combination 
with Southern transfer and hybridization (fingerprinting) 
to study the multiple drug- resistant M. tuberculosis noso- 
comial outbreak in HIV-positive groups in Miami [81 ] and 
New York [82, 831. 

The ability to rapidly and unambiguously characterize 
organisms suspected of causing a disease outbreak is 
critical to public health and hospital infection-control 
endeavors. Recent contributions to clinical and hospital 
epidemiology have depended on PCR. Several putative 
outbreaks of infections have been investigated by molec- 
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ular techniques. Such examples include investigation of 
several temporally clustered cases of Streptococcus pxjo- 
'fi-s invasive disease in Air Force recruits 1199], a case 
duster of lymphogranuloma venereum caused by Chla- 
mydia trachomatis serovar LI in homosexual men [2001, 
and an outbreak of E. coli 0157:H7 infection from contam- 
inated deer jerky ISO}. 

Significantly, a PCR analysis was recently successfully 
used to identify the hantavirus agent responsible for an 
outbreak of fatal infections m the US Southwest. In May 
'S ] 93, a mysterious respiratory illness outbreak was rc- 
r orted in the Four Corners region, which includes New 
Mexico, Arizona, Colorado, and Utah. Patients were de- 
fined as having' unexplained adult respiratory distress 
syndrome or acute bilateral pulmonary interstitial infil- 
trates. Mortality in confirmed patients was >75%. Prelim- 
inary serologic studies found antibodies in patients' sera 
in patterns suggesting cross-reactivity (but not identity) 
with previously known hantaviruses 11801. By comparing 
genome sequences of available hantavirus strains, precise 
regions of sequence conservation within the G2 protein 
coding region of the M segment of the hantavirus genome 
were identified 1201, 202]. Deoxyohgonucleotide primers 
were designed for detection of small amounts of hantavi- 
rus genome by a nested RT-PCR assay. The genetic 
detection assay amplified hantavirus-specific DNA frag- 
ments from RNA extracted from the tissues of patients 
md deer mice caught at or near patients' residences, 
:evealing the associated virus to be a new hantavirus and 
providing a direct genetic link between infection in pa- 
tients and rodents [203}. 

Molecular techniques are being used increasingly in 
epidemiological and clinical investigations. Among viral 
infections, the human papillomavirus (HPV) is a common 
cause of dysplasia, intraepithelial neoplasia, and carci- 
noma in the female genital tract. Certain types, such as 
types 16 and 18, have been regarded as high-risk cancer- 
associated HPVs; whereas types 6 and 11 are regarded as 
low-risk HPVs 1204,205]. Use of DNA hybridization 
assays in cervical swabs or fresh cervical biopsy speci- 
mens to determine HPV infection and viral types has 
provided helpful' information for clinical assessment and 
treatment of patients [206, 207}. In HCV infections, differ- 
ent'genotypes have been reported to alter disease severity, 
• hange treatment response, and influence virus-host in- 
teractions 1208}. A specific primer set to the 5'-untrans- 
lated region has been designed to allow detection of HCV 
nucleic acids of different genotypes [209}. By using PCR 
followed by automated direct sequencing, several studies 
have revealed that the most common genotypes of HCV 
m the US and Western Europe are la and lb; other 
genotypes, including 2a, 2b, 3, 4, 5, and 6, have their own 
distinct global distributions [210,2111 A new PCR-based 
HCV genotyping system has been recently developed to 
identify HCV genotypes la, lb, 2a, 2b, 3a, 3b, 4, 5a, and 6a; 
it may be useful for a large-scale determination of HCV 
genotypes in clinical studies [2121. 



Molecular techniques have been used to directly detect 
resistance genes or mutations that result in resistance m 
organisms. The mccA gene that codes for resistance to 
methicillin in Staphylococci has been detected by PCR, 
multiplex PCR, and bDNA assays [123, 213, 214]'. Defin- 
ing the mutations responsible for resistance to microbial 
agents has led to new methods for monitoring efficacy of 
antimicrobial therapy. Successful investigations have 
been carried out on both bacterial and viral resistance 
mechanisms. A PCR assay has been used to detect muta- 
tions in the rpoB locus associated with rifampin resistance 
in M. tuberculosis [157, 159, 225/. The previously discussed 
TMA technique has been described for detection of the 
point mutations resulting in zidovudine resistance in 
stains of HIV [1401. Determination of the structural basis 
of resistance of HIV to viral polymerase inhibitors has 
been described in detail elsewhere [106,216,217}. An- 
other example is the finding that certain point mutations 
in the herpes simplex virus-encoded thymidine kinase 
gene are responsible for the occurrence of acyclovir resis- 
tance [218}. Determining acyclovir resistance by detecting 
these point mutations is extremely important in patients 
undergoing long-term therapy and in patients with AIDS 
or other immunosuppressed states [156, 219, 220}. 

Future Applications 

Molecular screening of particular at-risk populations for a 
group of possible pathogens is an exciting area of devei-- 
opment in molecular microbiology. For example, numer- 
ous etiologic agents cause debilitating gastroenteritis in 
immunosuppressed patient populations, including myco- 
bacteria (i.e., M. avium complex and M. genevense), para- 
sites (i.e., Cryptosporidia?^ Microsporidum), viruses (i e., 
rotovirus, Norwalk agent), and typical bacterial patho- 
gens (£ coli variants, Salmonella, Shigella, and Campy- 
lobacter). Traditionally, different methods of detection are 
used for each group of intestinal pathogens. This requires 
special media, equipment, and expensive facilities for the 
culture of mycobacteria; expertise in the identification of 
parasites in ova and parasite stool preparations; virology 
facilities; and special media for the workup of bacterial 
enteric pathogens. Although these tests may be relatively 
inexpensive individually, an adequate workup for enteric 
pathogens can be quite costly. 

Molecular techniques exist and are being developed 
that may be used to screen individuals within a particular 
patient population for the' most probable etiologic agents 
of disease. Nucleic acids extracted from the stool of 
patients with gastroenteritis may be examined with or- 
ganism- or group-specific nucleic acid primers and 
probes. In this manner, one single test may be used to 
single out the etiologic agent of disease among numerous 
possibilities. 

The techniques being used for molecular screening 
include the newer nucleic acid "chip" technologies, mul- 
tiplex PCR, and the use of broad-range PCR primers and 
subsequent nucleic acid sequence analysis. "DNA chips," 
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developed and manufactured by several companies, are 
basically the product of bonding or direct synthesis of 
numerous specific DNA probes on a stationary, often 
silicon-based support (221-2251. Within the particular 
well, hybridization reactions occur if the appropriate 
sequence or probe "feature" is present in the DNA or 
RNA analytc. Because numerous features are present on a 
single chip, several microbial pathogens or targets may be 
detected in one test. The chip may be tailored to particular 
disease processes. This technology is easily performed 
and readily automated. 

Similarly, multiplex PCR utilizes numerous primers 
within a single reaction tube so as to amplify nucleic acid 
fragments from different targets. Specific nucleic acid 
amplification should occur if the appropriate target DNA 
is present in the sample tested [115, 120, 122, 123J. Detec- 
tion may then be accomplished by traditional Southern 
transfer and subsequent nucleic acid probe, by enzyme 
immunoassay methods, or by "gene-chip" analysis. This 
technology is limited by the number of primers that can 
be included in a single reaction, primer-primer interfer- 
ence, and nonspecific nucleic acid amplification. 

Finally, several pathogens within taxonomically re- 
lated groups may be screened with broad-range PCR 
primers and detected by nucleic acid sequence or probe 
analysis [126-12S, 2261. Primers are chosen on the basis of 
nucleic acid sequence comparisons to include pathogenic 
agents and, if possible, to exclude possible environmental 
contaminants. For example, the use of broad-range PCR 
primers and sequence analysis has successfully detected 
diseases caused by members of the Rickettsiaccae; in par- 
ticular, the agents of ehrlichiosis have been identified and 
speciated [154 j. This technique is quite useful in instances 
in which the differential diagnosis can be limited' to a 
particular group of organisms. 

Future applications in the field of molecular microbi- 
ology include the rapid detection of microbial resistance 
and, we hope, with the development of more user- 
fnendly systems,- the expansion of these technologies to 
smaller institutions and hospitals. The use of these bio- 
chemical methods and reactions in the specific identifica- 
tion of infectious agents at the nucleic acid level truly 
represents a synthesis of the clinical chemistry and clinical 
microbiology laboratories. 
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